Background/Aims: Estrogen signalling plays an important role in vascular biology as it modulates vasoactive and metabolic pathways in endothelial cells. Growing evidence has also established microRNA (miRNA) as key regulators of endothelial function. Nonetheless, the role of estrogen regulation on miRNA profile in endothelial cells is poorly understood. In this study, we aimed to determine how estrogen modulates miRNA profile in human endothelial cells and to explore the role of the different estrogen receptors (ERα, ERβ and GPER) in the regulation of miRNA expression by estrogen. Methods: We used miRNA microarrays to determine global miRNA expression in human umbilical vein endothelial cells (HUVEC) exposed to a physiological concentration of estradiol (E2; 1 nmol/L) for 24 hours. miRNAgene interactions were computationally predicted using Ingenuity Pathway Analysis and changes in miRNA levels were validated by qRT-PCR. Role of ER in the E2-induced miRNA was additionally confirmed by using specific ER agonists and antagonists. Results: miRNA array revealed that expression of 114 miRNA were significantly modified after E2 exposition. Further biological pathway analysis revealed cell death and survival, lipid metabolism, reproductive system function, as the top functions regulated by E2. We validated changes in the most significantly increased (miR-30b-5p, miR-487a-5p, miR-4710, miR-501-3p) and decreased (miR-378h and miR-1244) miRNA and the role of ER in these E2-induced miRNA was determined. Results showed that both classical, ERα and ERβ, and membrane-bound ER, GPER, differentially regulated specific miRNA. In silico analysis of validated miRNA promoters identified specific ER binding sites. Conclusion: Our findings identify differentially expressed miRNA pathways linked to E2 in human endothelial cells through ER, and provide new insights by which estrogen can modulate endothelial function.
Introduction
17β-Estradiol (E2) is the most important estrogen, which exerts its action mainly through activation of estrogen receptors (ER) present in different tissues, including endothelium [1] . Endothelial cells are involved in the regulation of vascular function and express both types of nuclear estrogen receptors (ERα and ERβ) as well as the G protein-coupled estrogen receptor (GPER) [2] .
Women during their fertile ages present less incidence of cardiovascular diseases than age-matched men and this advantage disappears after menopause, attributing a beneficial effect to estrogens [3] . Protective effects by estrogen on cardiovascular system have been related to increased vasodilation, anti-inflammatory action, regulation of vascular smooth muscle cell proliferation, and attenuation of atherosclerotic processes [4] . In this regard, the E2-mediated vasoprotective role through an increase of endothelial-derived factors has been described to be ER-dependent [5] [6] [7] .
microRNA (miRNA) are small, non-coding RNA enrolled in gene expression regulation at post-transcriptional level and are predicted to regulate two-thirds of the human genome, suggesting that miRNA modulate physiological relevant processes [8] . miRNA regulate protein translation by targeting their complementary messenger RNA (mRNA) [9] and by repressing translation or degrading target mRNA. Most miRNA are located within the cell, although some of them have also been found circulating in body fluids [10] . Nowadays, there are many studies focused in their role in different clinical conditions, including cardiovascular diseases, and their potential as clinical biomarkers [11, 12] .
The effects of E2 on gene [5, 13] and protein expression [14] have already been reported in endothelial cells. Few recent studies in gynaecological cancer research have described an association of miRNA and estrogen signalling. Most of them have described the role of miRNA to regulate ER expression and estrogen-associated molecules [15, 16] . How E2 may interfere with the whole miRNA expression profile in the cardiovascular system is largely unknown. In this regard, our study aims to determine changes in miRNA expression profile in cultured human umbilical vein endothelial cells (HUVEC) exposed to physiological concentration of E2. By using microarray technology, we sought to provide new information about the molecular mechanisms implicated in the E2 regulation of vascular function. We also investigate the implication of different ER in E2-dependent miRNA regulation.
Materials and Methods

Cell culture and experimental design
Primary HUVEC cultures were obtained by collagenase treatment of human umbilical cord veins from Hospital Clínico of Valencia as previously described [17] . Briefly, HUVEC were obtained from umbilical veins by enzymatic digestion with 0.1 mg/mL collagenase (Life Technologies, Carlsbad, CA, USA) and cultured in Medium 199 (Sigma-Aldrich, Tres Cantos, Madrid, Spain) supplemented with 20% fetal bovine serum (GIBCO, Barcelona, Spain), endothelial cell growth supplement (Sigma-Aldrich) and heparin sodium salt (Sigma-Aldrich) at 37 ºC with 5% CO 2 . Cells were identified as endothelial by their characteristic cobblestone morphology and the presence of von Willebrand factor by immunocytochemistry using a specific antibody (F-3520; Sigma-Aldrich) as previously described [18] . HUVEC from passages 3 to 4 were seeded onto gelatin-coated 6-well plates. When they reached confluence, culture medium was exchanged for a phenol red-free Medium 199 (Sigma-Aldrich) supplemented with 20% charcoal/dextran-treated fetal bovine serum (GIBCO) to avoid any steroid activity and maintained for 24 hours.
Cells were exposed for 24 h to 1 nmol/L of E2 (Sigma-Aldrich). In some experiments, to study the role of sex hormone receptors, cells were previously exposed (60 minutes before E2) to the unspecific antagonist of ERα and ERβ, ICI 182780 (1 μmol/L; Biogen, Madrid, Spain), the specific ERα antagonist methyl-piperidinopyrazole (MPP) (1 μmol/L; Tocris Bioscience, Ellisville, MI, USA) and to the specific GPER antagonist G15 (1 μmol/L; Tocris Bioscience). In another set of experiments, cells were exposed for 24 hours to the selective ERα agonist PPT (1 nmol/L; Tocris Bioscience), the selective ERβ agonist DPN (1 nmol/L; Tocris Bioscience), or the selective GPER agonist G1 (1 nmol/L; Tocris Bioscience). Control cells were exposed to the same vehicle of cells treated with E2 (0.1% etanol) or antagonist (0.1% DMSO). All concentrations and times selected were chosen taking into account previous studies [5, 19, 20] . A schematic workflow of the experimental design is provided in Fig. 1 .
The research protocol was approved by the Ethical Committee of Clinical Research of the INCLIVA, Hospital Clínico of Valencia, Spain, conforms with the principles outlined in the Declaration of Helsinki, and written informed consent was obtained from all donors.
RNA isolation and microRNA expression analysis
To perform microarray experiment, HUVEC from 12 separate cultures were exposed to control (0.1% ethanol) and 1 nmol/L E2 treatments for 24 h. Total RNA including small non-coding RNA was extracted by using the QIAzol reagent and miRNeasy Mini kit (Qiagen, L'Hospitalet de Llobregat, Spain) following the manufacturer's instructions. RNA extracted from 3 control-or 3 E2-treated cultured flasks obtained from three different cultures were pooled, achieving four biological replicates of the control and four that were treated with E2. Therefore, a total number of 8 microarrays were developed (4 control pools, named C1, C2, C3, C4 and 4 E2-treated pools named E1, E2, E3 and E4).
The concentration and purity of the RNA obtained was measured as the OD260/280 ratio using a GeneQuant Pro spectrophotometer (GE Healthcare, Madrid, Spain). RNA integrity was determined by capillary electrophoresis using an RNA 6000 Nano Lab-on-a-Chip kit and a Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA). Only RNA extracts with an integrity value of 7 or higher were used for further analysis.
Small non-coding RNA expression profiling was performed using a GeneChip miRNA 4.0 Array (Affymetrix, Santa Clara, CA, USA). Microarray experiments were conducted according to the manufacturer's protocol. Briefly, 300 ng of total RNA was labelled with a FlashTag Biotin HSR RNA Labeling kit from Genisphere. The labelling reaction was hybridized onto the miRNA array in an Affymetrix Hybridization Oven 645 at 48°C and 60 rpm for 18h. The arrays were stained using a Fluidics Station 450 with the fluidics script FS450_0002 (Affymetrix) and then scanned on a GeneChip Scanner 3, 000 7G (Affymetrix), using the GeneChip Command Console Software supplied by Affymetrix to perform gene expression analysis. miRNA probe outliers were defined and further analysed as manufacturer's instructions, and quality control, as well as data summarization and normalization, was carried out using the web-based miRNA QC Tool (www. affymetrix.com).
Resulting data files (.cel) were used to analyse significant differences in miRNA expression profile between E2 and control groups using Partek Genomic Suite (Partek Inc., St Louise, MO, USA) [21] . Partek Genomic Suite was also used to identify global differences between samples by Principal Component Analysis (PCA) measurement. Distance between plotted samples is related to similarity between them. Hierarchical Cluster was determined to analyse expression profiles of different samples, in which the branches represented in a dendrogram that are close to each other had similar miRNA expression patterns.
Analysis of miRNA-predicted target interaction miRNA significantly regulated by estrogen were analysed using Ingenuity Pathways Analysis (IPA) software (Ingenuity Systems, Redwood City, CA, USA; Winter release 2016) as previously described in [5, 22] . 
Quantitative real-time PCR
The TaqMan miRNA Assay system (Applied Biosystems, Foster City, CA, USA) was used to validate changes in miRNA levels. For reverse transcription (RT) reactions, RNA (300 ng) was reverse transcribed using the TaqMan MicroRNA Reverse Transcription Kit (Applied Biosystems) according to the manufacturer's instructions. Specific RT primers from each assay were added to 15 μL reaction volumes. miRNA levels were determined by quantitative real-time PCR (qRT-PCR) analysis using an ABI Prism 7900 HT Fast Real-Time PCR System (Applied Biosystems). Gene-specific primer pairs and probes (Applied Biosystems) for miR30b-5p (000602), miR-4710 (463602_mat), miR-1244 (002791), miR-487a-5p (467005_mat), miR-501-3p (002435), miR-378h (464554_mat), were used together with TaqMan Universal PCR Master Mix (Applied Biosystems) and 1 μL of reverse-transcribed product in 20 μL reaction volumes. PCR conditions were 10 min at 95 °C for enzyme activation, followed by 60 two-step cycles (15 s at 95 °C; 1 min at 60 °C). The levels of RNU48 (001006) expression were measured in all samples to normalize differences in RNA input, RNA quality, and reverse transcription efficiency. Each sample was analysed in triplicate, and the expression was calculated according to the 2 −ΔΔCt method.
Analysis of miRNA location and putative ER binding sites in the regulatory region of the miRNA precursors miRIAD software, a web search tool designed to obtain integrated information about intragenic miRNA and their host genes, was used to know E2-induced miRNA location [23] . Moreover, in silico analysis of ER putative binding sites within the regulatory region of miRNA was performed by using available online bioinformatic tools. We used miRStart database [24] and Promoter 2.0 Prediction Server [25] to predict the transcription start site (TSS) of the specific miRNA. When using Promoter 2.0, sequences scoring above 1.0 (highly likely prediction), which contain about 95% of true promoter sequence, were chosen as the miRNA precursor TSS. Gene and up-stream sequences were obtained from Ensembl (release 87; Dec 2016) [26] . Then, JASPAR 2016 server was used to predict ERα and ERβ binding sites for binding motifs drawn from the JASPAR database [27] .
Statistical analysis
Data from microRNA expression analysis were analysed by paired t-test. For multiple comparisons, ANOVA was used to determine the difference between groups. When an interaction effect was found, multiple comparisons using Bonferroni's test was performed. Data are expressed as mean ± SEM, and results were considered as significantly different using a p<0.05. The statistical analysis was performed using PRISM 5 software (GraphPad Software Inc., San Diego, CA, USA).
Results
Global analysis of miRNA expression data by PCA and hierarchical clusters
Changes in miRNA expression profile induced by E2 indicated a global alteration of miRNA, and were analysed and compared to control samples by principal component analysis (PCA) and Hierarchical clustering (Fig. 2) . PCA was performed to globally view the groups among the 8 samples in terms of the expression profile. Although samples are dispersed with each other, results showed E2-treated and non-treated (control) pools enclosed in two differentiated clusters, underlying differences in the expression patterns between both groups ( Fig. 2A ). This indicates that miRNA have similar and consistent expression patterns within each group, but are distinct from each other, demonstrating the profound impact of E2 treatment on miRNA expression in endothelial cells. Hierarchical clustering showed large similarities among different treated samples. However, 298 probe sets of small non-coding RNA were differentially expressed between both groups (Fig. 2B ). We next explored those miRNA that were significantly regulated by 1 nmol/L E2, and we found that 114 miRNA were differentially expressed compared to control cells, using a cut-off with adjusted p values of < 0.05. In particular, 70 miRNA were up-regulated and 44 downregulated in HUVEC treated with E2 compared to control cells (Table 1) . Microarray chips contained 2578 human mature miRNA probes, and therefore, approximately 4.4 % of mature human miRNA were regulated by E2 in endothelial cells.
In silico analysis of gene regulation by E2-modified miRNA IPA miRNA Target Filter tool was used to identify networks and pathways of the miRNA expression profile modified in HUVEC by E2. This software identified 112 of the 114 miRNA significantly modified by E2. Analysis of those 112 miRNA lead a total of 21748 either predicted or validated mRNA targets. In order to adopt a restrictive approach, we further filtered those mRNA targets by choosing only "the experimentally observed" and "highly predicted" target correlations, obtaining 5126 mRNA targeted by 112 miRNA. Using the selected miRNA-target pairing as an input, IPA revealed the most impacted biological processes, including cell death and survival, cellular assembly and organization, molecular transport, cell cycle, as well as cellular morphology and movement (listed in Table 2 ). Lipid and carbohydrate metabolism have also been included among the most regulated networks. In addition, reproductive, auditory-vestibular and cardiovascular system development and function appeared also as regulated by E2-dependent miRNA. Relationships to diseases and disorders including infection diseases, gastrointestinal disease, cancer, cardiovascular diseases and dermatological diseases were also noted. To explore the impact of E2-regulated miRNA in the context of our study, predicted target genes assigned to cardiovascular pathways by IPA software were selected and in silico functional characterization was performed. Top ten cardiovascular canonical pathways are listed in Table 3 in the order of p values. IPA software also determines significance of the association between the data set and a specific canonical pathway based on a ratio between the number of target genes from the data set that map to the pathway divided by the total number of genes that map to a specific canonical pathway. Ratios of most regulated canonical pathway are also shown in Table 3 .
Target genes regulated by E2-dependent miRNA were associated to specific canonical pathways. The top pathways are related to cardiac hypertrophy (118 genes), including signalling and the role of NFAT (104 genes). The top network generated by IPA revealed the interactions of altered miRNA with signalling pathways such as thrombin (98 genes), CXCR4 Table 3 . Top 10 cardiovascular related Canonical Pathways regulated by E2-dependent miRNA. Selection and functional characterization of predicted target genes assigned to cardiovascular pathways were performed by IPA software and the top 10 were ordered according to their p value. Ratio represents the number of target genes from the data set that map to the pathway divided by the total number of genes that map to a specific canonical pathway. Number of target genes assigned to each canonical pathway are shown (80 genes), phospholipase C (91 genes), protein kinase A (107 genes) and Rho GTPases (85 genes). Moreover, the role of macrophages, fibroblasts and endothelial cells (100 genes) also appear between the main regulated pathways. Additionally, E2-regulated miRNA were related to endothelin-1 signalling (83 genes), nitric oxide (NO) and reactive oxygen species production (80 genes), key vasoactive compounds in the regulation of endothelial homeostasis that are usually related to the vascular effects of estrogens.
miRNA expression profiling and microarray validation As describe above, differences between miRNA profiling of human endothelial cells exposed during 24 hours with or without 1 nmol/L E2 revealed a total of 114 miRNA significantly regulated, with fold changes ranging from -1.76 to 2.02. Fig. 3A shows the most differentially expressed miRNA with a fold-change greater than 1.5. Thirteen miRNA were differentially regulated by E2 with this fold-change selected, including 10 up-regulated and 3 down-regulated miRNA. In order to validate our findings, qRT-PCR was performed using independently obtained RNA samples different from those used in microarray experiment. The most differentially expressed miRNA obtained in microarrays (miR-30b, miR-487a, miR-4710, miR-501, miR-378h and miR-1244) were chosen and analysed by qRT-PCR. Obtained results confirmed microarray data of miRNA chosen for testing, including E2-dependent up-regulation of 4 miRNA (miR-30b, miR-487a, miR-4710 and miR-501) and the downregulation of 2 miRNA (miR-378h and miR-1244) (Fig. 3B) .
Genomic location of validated E2-regulated miRNA.
As described before, miRNA sequences can be located in intronic regions of non-coding or coding transcripts, but it can be also encoded by exonic regions. We used miRIAD software to search genomic location of E2-dependent miRNA precursors. Table 4 shows chromosomic location and information about the host genes of intragenic miRNA. It is worthy to note that mature hsa-miR-1244 have 4 precursors sequences located in 3 different chromosomes.
Among the miRNA regulated by E2, there are 5 miRNA precursor sequences located between gene sequences and 4 intragenic miRNA precursor sequences: hsa-miR-501, hsamiR-378h and hsa-miR-1244-2 are intronic miRNA whereas hsa-miR-1244-1 is an exonic miRNA. Host genes of intragenic miRNA are also shown in Table 4 : hsa-miR-501 is located in CLCN5, hsa-miR-378h in FAXDC2, hsa-miR-1244-1 in PTMA and hsa-miR-1244-2 in DTWD2.
Role of estrogen receptors in E2-modified miRNA
To study the role of ER in the expression of E2-dependent miRNA, both computational and experimental approaches were used. Firstly, we search in silico for putative ER binding (Fig.  4A) . TSS of hsa-miR-4710, hsamiR-378h and hsa-miR-1244-4 were not found in miRStart database, and were predicted using Promoter 2.0 Prediction Server. The location of TSS of the validated E2-regulated miRNA ranged from 109 bp distance from the precursor sequence of miR-1244-2 up to 31696 bp distance from the miR-30b precursor (Fig.  4B) .
To predict ER binding sites in the promoter region of E2-regulated miRNA, regulatory region was established based on genomic locality, upstream less than 10 kb from TSS. ER binding sites were found located in the regulatory region of all selected E2-regulated miRNA (Fig. 4B) . Results showed a greater number of binding sites for ERβ than for ERα in the promoter region of selected miRNA precursors. However, since the sequence logo depicts the conservation of nucleotides in a specific position, the large number of ERβ binding sites found could be related to a greater variation observed in the sequence logo for the ERβ motif.
To evaluate experimentally the role of ER subtype in miRNA changes induced by E2, HUVEC were exposed to the non-selective antagonist of ERα and ERβ, ICI (1 μmol/L), the specific ERα antagonist MPP (1 μmol/L) and the specific GPER antagonist G15 (1 μmol/L), before to E2 (1 nmol/L) exposition (Fig. 5) . miR-30b-5p, miR-487a-5p and miR378h expression changes induced by E2 were abolished by ICI and MPP but not by G15 treatment. Decreased miR-1244 expression induced by E2 was abrogated by MPP but no by ICI antagonist or G15 treatment. These results suggest a predominant role of ERα in miR30b-5p, miR-487a-5p, miR-378h and miR-1244 regulation. The increment in miR-501-3p expression observed when HUVEC was exposed to 1 nmol/L E2 was reverted by using the unspecific ER antagonist, but not by MPP or G15. This finding suggests a possible role of ERβ 
in the regulation of miR-501-3p levels in HUVEC. Finally, neither ICI nor MPP exposition had effect counteracting the increase of miR-4710 observed after E2 exposition, and only G15 treatment abolished the E2-induced miR-4710 expression in HUVEC, suggesting the role of GPER in this expression. Specific ER agonists were used to reinforce the role of specific ER in E2-regulated miRNA. HUVEC were exposed to the selective ERα agonist PPT (1 nmol/L), the selective ERβ agonist DPN (1 nmol/L) and the selective GPER agonist G1 (1 nmol/L) for 24 hours and the expression of validated miRNA were measured by qRT-PCR and compared to the effect of E2 (1 nmol/L; Fig. 6 ). Exposition of PPT, but not DPN or G1, stimulate miR-30b-5p and miR-487a-5p expression. In addition, only PPT treatment decreased miR-378h levels. These findings are in agreement with results obtained using specific ERα antagonist and validate the role of ERα in the modulation of miR-30b-5p, miR-378h and miR-487a-5p. On the other hand, E2 induction of miR-4710 was mediated through GPER, since treatment with the specific GPER agonist G1 completely mimic E2 effect. Unpredictably, miR-501-3p expression was not significantly changed after isolated exposition with the different agonists. Finally, miR-1244 expression was decreased after exposition of the three different ER agonists.
Discussion
In the present study, we systematically investigated the role of E2 (1 nmol/L) on miRNA profile in human endothelial cells by combining microarray technology with bioinformatics analysis. With those tools, we found that physiological concentration of E2 induces a change in miRNA expression profile, which combined with predicted target genes reveal a potential link between E2 and miRNA in the regulation of endothelial function. We also found that E2 effects on miRNA expression profile in HUVEC is differentially regulated by ER subtypes.
Functional in silico analysis of predicted targets of E2-regulated miRNA identified different biological processes that could modify endothelial function, including cellular morphology and mobility, cell cycle, cell death and survival, lipid and carbohydrate metabolism. In that sense, accordingly to the role of E2 in endothelial cell movement previously published [28] , it has been recently described that increase in cell migration and proliferation of E2-exposed HUVEC is mediated by miR-126-3p regulation [29] . Cell cycle, cell death and survival have also been ranked in the principal E2-regulated networks. Indeed, E2 has already been implicated in apoptosis via activation of miRNA-23a and p53 in liver cancer [30] , and different profiles of estrogen-regulated miRNA in breast cancer cells have been described [31] .
In addition, lipid and carbohydrate metabolism has also been included among the most regulated networks by miRNA, according to results derived from mRNA microarray previously published in HUVEC [5] . The effect of estrogens on lipid and carbohydrate metabolism has been previously described in postmenopausal women using estrogen replacement therapy [32] , and actions triggered by ER have been involved in cellular metabolism in different tissues [33] . Since miRNA play a role in metabolic disorders [34] , it is feasible that the modification of miRNA profile by E2 could be among the mechanisms by which estrogens regulate lipid metabolism.
Furthermore, development and functions of reproductive system is also, and expected, among the most significant networks regulated by E2. Estrogen action has been related to regulation of specific miRNA expression in the mouse uterus [35] , and in humans, changes in miRNA expression has also been described along different phases of endometrium [22] , suggesting a hormonal regulation of miRNA involved in endometrial cycle.
Among the pathways associated to cardiovascular pathways, that related to cardiac hypertrophy signal is the top ranked canonical pathway. Small and Olson reviewed the specific signature patterns of miRNA associated to different cardiovascular disorders, including cardiac hypertrophy [36] . Several studies have described sex-associated differences in gene and protein expression in the heart and have attributed those changes to the direct action of estrogens via either ERα or ERβ on mRNA transcription [37] . However, considering that miRNA play an important role in regulating gene expression, this could be a new mechanism by which estrogen would regulate cardiac morphology. In fact, it has been previously reported a sex-specific profile of miRNA expression mediated by ERβ in hypertrophied hearts [38] .
During the progression of cardiovascular diseases, endothelial dysfunction is a critical player. Clinical and basic studies have established sex-associated differences in the regulation of endothelial function, and the modulatory role of estrogen on the endothelium have been well described. In this study, we described another mechanism by which estrogen could contribute to the regulation of endothelial function, that is, via miRNA modulation. Three of the most important vasoactive mediators produced by the endothelium such as NO, reactive oxygen species and endothelin-1 signalling, appear to be regulated by E2-dependent miRNA. These results not only reinforce the role of E2 in NO stimulation, in the protection against reactive oxygen species and in the reduction of endothelin-1 [39] , but also suggest new endothelial regulatory mechanisms by estrogens. Sex-differences in NO regulation by miRNA has been demonstrated in mouse hearts. The expression of miR-222 was decreased in females compared to males, and correlated with increased endothelial NO synthase expression in females [40] . In this direction, other studies also have described that estrogens stimulates ERα-dependent inhibition of miR-22 expression, leading to an increase antioxidant activity in myocardium [41] .
In the present study, we focused on miRNA that were highly changed after treatment with physiological concentration of E2 in HUVEC. Among the most modified miRNA, miR30b-5p, miR-487a-5p, miR-4710 and miR-501-3p were over-expressed after E2 treatment, while miR-378h and miR-1244 were down-regulated. miR-30b has been previously described as an estrogen-sensitive miRNA being increased by E2 treatment in breast cancer cells [42] . Moreover, miRNA profiling of human endometrium reveals cyclic changes in miR30b expression through the different physiological phases [43] , and sex differences of miR30b levels were also observed in brains of female schizophrenic patients compared to males [44] , suggesting the effect of physiological concentrations of estrogen on miR-30b regulation. In endothelial cells, miR-30 has also been implicated in angiogenesis processes [45] , antiinflammatory effects by decreasing angiopoietin 2-induced VCAM1 expression [46] and apoptosis inhibition of human coronary artery endothelial cells [47] . In this regard, it is noteworthy that E2 has also pro-angiogenic, anti-inflammatory and anti-apoptotic properties in response to vascular injury [4] . miR-487a has been associated to the transforming growth factor β1 (TGF-β1) pathway [48, 49] , a key cytokine in vascular function that has been previously related to estrogen action in endothelial cells [5] . On the other hand, our results showed miR-1244 as the most decreased miRNA in endothelial cells exposed to E2, which has been related to reduced migration of lung cancer cells [50] . As far as we know there is no published information about miRNA-1244, miR-501-3p, miR-4710 and miR-378h at cardiovascular level. However, miRNA-1244 is up-regulated in ER-compared to ER+ breast cancer cells [51] , suggesting the role of estrogen receptor in decreasing miRNA-1244. miR-501-3p has been related to pathological events occurring in Alzheimer disease brains [52] .
The genomic effects of E2 are mainly mediated through the classical nuclear receptors ERα and ERβ, which function as ligand-activated transcription factors. In silico analysis of predicted target gene-transcription factor associations provided information about estrogen response element (ERE) sites in the regulatory region of the E2-regulated miRNA. ERE are 15 bp palindromic sequence with high affinity to ER which are conserved across species. In our results, ERE sites were found located in the regulatory region of all selected E2-regulated miRNA, suggesting that estrogen may be a regulator of those miRNA. Different studies provide data about distribution of ER binding sites in the regulatory regions of estrogenresponsive genes. Genome-wide mapping of ERE have shown that most of receptor binding sites were located close to TSS (1 kb), but they also appeared up to 10 kb up-stream from TSS [53] . However, Carroll et al. found that only 4% of ER binding sites mapped were located to 1 kb promoter-proximal regions. Indeed, functional ERα binding sites have been described much further (up to 200 kb) from the estrogen-regulated genes [54] . Meanwhile, it has been described that, in general, ERβ-bound regions are located more closely to TSS [55] .
Our results showed that E2-dependent regulation of the selected miRNA is mediated via ER. According to that, miRNA profiling between ER+ or ER-breast cancer cells revealed differences [51, 56] . In fact, Bailey et al. demonstrated that ER binding sites located near miRNA are lost in differentially decreased miRNA in ER-breast cancer cell line [56] . We have also demonstrated the implication of specific ER in the selected E2-induced miRNA. Most of the analysed miRNA were regulated by ERα, although ERβ and GPER were also involved in E2-regulated miRNA expression. Physiological responses require a balance between the activities of different ER, but several studies have reported differences in gene expression regulation mediated by either ERα or ERβ [57, 58] . Studies using ERα and ERβ KO mice reveal Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry that the beneficial effects of estrogens on vascular system are mediated by ERα [58, 59] . It has been also reported that vascular smooth muscle cells proliferation is inhibited through an ERα-dependent miR-203 up-regulation [60] . Specifically, estrogen action in endothelial cells is assumed to be mainly mediated by ERα [6, 7, 28] .
Conclusion
Data presented in this study provides a systematic analysis of miRNA expression profile by E2 in human endothelial cells. Identification of biological processes related to E2-regulated miRNA has been described and the role of ER in miRNA expression has been demonstrated. Our results indicate that miRNA may act as crucial epigenetic regulators of gene expression in E2-treated human endothelial cells and make an important contribution to future research focus on characterizing the role of specific miRNA in vascular actions mediated by E2. They also could provide insight into the mechanisms by which sex hormones levels can contribute to sex-differences in cardiovascular diseases. 
